Insulin action upon sugar permeability has been examined in rat diaphragm muscle prepared so that the fibers are either intact or cut. In intact preparations, sucrose and mannitol are largely excluded from the intracellular water while D-galactose, I)-xylose, and L-xylose equilibrate in a small fraction of the total cell water; the availability of cell water for D-galactose, D-xylose, and L-xylose is increased by insulin. In cut preparations, in which the cell membrane is not intact, all the sugars studied penetrate into the cell, but intracellular water is not uniformly available for subsequent permeation. Sucrose distributes in a volume of about 40 to 45 per cent of the available cell water; D-xylose, D-galactose, T.-xylose, and mannitol are distributed in all or most of the cell water, but these sugars diffuse at different rates. In cut preparations insulin increases the rate of equilibration of D-galactose and D-xylose without significant effect on the other sugars studied; insulin also exerts a "directive" influence on glycogen synthesis from glucose, which cannot be explained solely in terms of accelerated sugar penetration. The significance of these observations in elucidating the locus of insnlin action is discussed.
INTRODUCTION
The finding that insulin increases the entry of glucose and certain related nonutilizable sugars into the cells of muscle forms the primary basis for the permeability theory of insulin action (cf. reference 1, 2) . According to this concept, the cell membrane is believed to limit sugar entry into the cell and insulin ac-tion involves activation of a mechanism for sugar transfer across this barrier (1) (2) (3) . However, recent findings in muscle have been interpreted as indicating that the permeability effect of insulin may involve modification of intracellular barriers which limit diffusion of sugar within the cell rather than an effect on the cell membrane (4, 5) . The validity of the permeability theory has been questioned since certain effects of insulin appear to be difficult to explain solely on the basis that the mechanism of insulin action is to facilitate the entry of glucose (and other metabolites) into certain responsive cells. Among these discrepancies, may be cited: (a) the demonstration of a "directive" effect of insulin on glycogen synthesis in muscle, which it is felt cannot be related to an insulin effect increasing glucose entry (cf. reference 6); and (b) an effect of insulin on lipogenesis in the perfused liver (7) despite the lack of effect of insulin on sugar entry into the hepatic cell (1) .
Our previous investigation (8) of insulin action in diaphragm muscle has been extended to determine whether the well established in vitro effects of insulin in this tissue could be explained in terms of an insulin action upon a sugar transfer mechanism. In addition to the cut hemidiaphragm preparation, we have also utilized the intact diaphragm preparation described by Kipnis and Cod (9) to study the sugar entry process. These workers have reported that the permeability characteristics of their intact diaphragm preparations are similar to those which obtain in vivo, whereas in hemidiaphragms whose preparation involves cutting muscle fibers, the permeability characteristics are markedly altered (9) . The nature of the altered permeability induced by cutting the fibers has been in part clarified by the histological demonstration that ferrocyanide penetrates into every cut fiber of the hemidiaphragm via both cut ends, whereas it is exduded from the intact fibers of the Kipnis-Cori cage preparation (10) . Sugar permeability was studied in both preparations which consisted of cut and intact fibers respectively, using the following non-utilizable sugars: D-galactose, D-xylose, L-xylose, mannitol, sucrose, and the polysaccharide, inulin. Of this group, the last three substances are commonly employed to measure the extracellular compartment of tissues under in vivo conditions, r-xylose is an example of a sugar regarded as non-responsive to insulin (11) , and D-galactose and Dxylose are typical responsive sugars in vivo (1, 11) . The penetration of these sugars into ceils and their subsequent permeation of the intracellular water have been examined in both types of muscle preparations, in the presence and absence of added insulin. In the hemidiaphragm preparations, we have examined the effect of insulin on glucose metabolism in relation to its effect on sugar permeability.
Methods
The diaphragm muscle preparations employed in this study (from male rats of a Sprague-Dawley strain, weighing 100 to 180 gin., fasted for 18 to 24 hours, killed by extension of the neck after receiving a blow on the head, and then exsanguinated) have been previously described (10) . The hemidiaphragm preparations consist of fibers 5 to 8 ram. in length, each of which histological study reveals, is cut at both ends; the ferrocyanide ion, normally excluded from the intact fiber in ~/~o, readily penetrates into each fiber of the hemidiaphragm ~/a both cut ends and then permeates throughout the fiber. The intact diaphragm muscle preparation, obtained by removing the diaphragm together with the rib cage in a manner similar to that described by Kipnis and Cori (9) contains relatively uninjured fibers. To minimize injury to the muscle fibers of the diaphragm, we did not trim the fib cage preparation of extraneous tissue, as did Kipnis and Cori; thus our cage preparations weighed 4.5 to 5.5 gin. whereas the trimmed preparations of Kipnis and Cori weighed 1.5 to 2.5 gin. for rats of comparable weight. The cage preparation was washed briefly in the appropriate incubation medium for a few minutes to remove blood and then slid gently into a flask for incubation, taking special care never to touch the diaphragm musde with any instruments. All fibers in our cage preparations completely exclude ferrocyanide during the 1st hour of incubation, in the absence of glucose; subsequently some fibers are penetrated indicating that a barrier to ferrocyanide deteriorates in some fibers under our in vitro
Sugar Penetrat/on.--In these experiments beth hemidiaphragms and intact cage preparations were employed. The non-utilizable sugars studied, all of reagent grade, were D-galactosc (Fisher), 1)(-{-)-xylose (Fisher), L(--)-xylose (Nutritional Biochemicals Corporation), m~nnitol (Fisher), sucrose (Mallinckrodt), and inulin (Nutritional Biochemicals Corporation). The optical rotations of the D-and L-xylose samples used corresponded to the values reported for the pure isomers. In addition, the following radioactive sugars were used: D-gaiactose-l-C 14, D(-{-)-xylose-l-C 14 (both obtained from the National Bureau of Standards), mannitol-l,6-C I' (Volk Radiochemical Company), and sucrose-U-C I' (Nuclear Corporation).
The preparations were incubated in Krcbs-Ringer phosphate buffer (12) , usually containing a mixture of sugars; the Ringer's solution was suitably modified by removing NaCI to maintain normal osmotic activity. Unless otherwise stated, incubation was carried out at 37.5 ° (with shaking), in the absence of added glucose, using Oi as the gas phase. Hemidiaphragms were incubated in 1 to 5 ml. of medium, and cage preparations were incubated in 20 to 50 ml. medium; the results to be reported are independent of the volume of incubation medium employed. After varying intervals of incubation, the muscle preparations were removed (in the case of the intact "cage" preparation, rectangular strips of diaphragm muscle were excised), immediately blotted on filter paper in a standardized manner (without a preliminary wash), weighed, and the sugars extracted for 15 minutes with hot water using technics previously described for gaiactose (8) . Our standardized blotting technic removes 7.7 per cent q-0.06 S.E. (number of determinations == 60) of the tissue wet weight, which we have assumed is derived primarily from the intercellular compartment of the tissue. In this series of experiments, the water content of incubated muscle (determined by drying at 105 °) uncorrected for loss due to blotting was found to be 78 per cent q-0.1 S.E. (number of determinations = 60). Corrected for blotting, the water content is therefore 79.5 per cent; values of 77 to 78 per cent were reported by Creese (13) and Kipnis and Cori (9) , while Randle and Smith (4) obtained 74 per cent.
The sugars were determined by the I following methods: 9-or L-xylose by the pbromoaniline method of Roe and Rice (14) , inulin and sucrose by the ketose method of Schreiner (15) , and sucrose was also estimated following hydrolysis with invertase by a glucose oxidase method (glucostat, Worthington). The radioactive sugars were measured with a flow-gas counter, using suitable corrections for self-absorption.
In most experiments the distribution of two and sometimes three substances was measured simultaneously in the same muscle. Thus, sucrose was compared to C 14-galactose and/or D-xylose, inulin to C14-galactose and/or D-xylose, C~4-mannitol to 9-xylose or to T.-xylose, C14-D-xylose (0.05 mg./ml.) to T.-xylose (4.0 mg./ml.), and C14-mannitol to sucrose in both hemidiaphragms and cages. The results did not differ significantly when sugars were compared simultaneously in a single muscle preparation or separately in different muscles. When the effect of insulin was studied in a hemidiaphragrn, the other hemidiaphragm was used as a control. Insulin (a Lilly zinc-insulin preparation) was employed at a concentration of 0.5 unit per ml. which produces a maximal effect.
The volume of distribution of D-xylose in diaphragm muscle in ritro has been reported to be independent of the sugar concentration in the external medium (9) , and this has been confirmed in the present study for D-xylose and for D-galactose using concentrations of 0.05, 1,0, 2.0, and 4.0 rag. per ml. in hemidiaphragms, and 1.0 and 4.0 rag. per ml. in cage preparations. Sirnilnrly, the tissue "space" occupied by sucrose (using 1.0, 2.0, and 10.0 rag. per ml. medium in both preparations) and inulin (using concentrations ranging from 7 to 10 nag. per hal. in both preparations) was found to be independent of the external concentration. Mannitol was studied at a concentration of 1 rag. per ml. and n-xylose at 4.0 mg. per ml. medium in both mnscle preparations, and we have assumed that the space of these latter sugars is likewise not influenced by varying the external concentration. The data in this paper will be presented for the penetration of sugars, in terms of either volumes of distribution in (a) total tissue (expressed as per cent of total tissue wet weight in equilibrium with the outside concentration), or (b) in intraceUular water (as per cent of the total cell water, in equilibrium with the outside concentration). All values for the distribution of sugars in tissue have been corrected for the 8 per cent loss of the tissue weight during blotting, assuming that this loss derived from the extraceUular space.
O4-Glucose Uptake and Conversion to Glycogen.--Upon excision, hemidiaphragms were weighed and transferred (without preincubation in chilled media) to incubation flasks which contained 1 ml. Krebs-Riuger phosphate buffer at pH 7.3 and glucose-l-C ~4 (National Bureau of Standards). The tissues were incubated for 1 hour at 37.5 ° (O2-gas phase) with glucose concentrations of 0.5, 1.0, 2.0, and 4.0 rag. per ral. medium in the presence and absence of added insulin (0.5 unit per hal. medium). When the glucose concentration of the medium was less than 4.0 nag. per ml., one hemidiaphragm was incubated with insulin and the other from the same rat served as control. With'4 rag. glucose per ml., two hemidiaphragms from two rats were incubated in order to obtain significant glucose disappearance values from the medium; similar values for glucose uptake and conversion to glycogen were obtained at a concentration of 2 rag. per ml. glucose in the medium, with either one or two hemidiaphragms per flask.
The disappearance of glucose from the medium was measured by a glucose oxidase method (glucostat, Worthington Biochemicals). The incorporation d C~4-glucose into glycogen was estimated by isolating musde glycogen and determining its radioactivity. After incubation, hemidiaphragms were digested in 30 per cent KOH and unlabeUed "carrier" glycogen (4 rag.) was added to each sample. The glycogen was precipitated by adding ethanol to a concentration of 70 per cent (v/v) and the precipitate was redissolved in H~O and reprecipitated by ethanol in most cases twice more. The glycogen was redissolved in water, deionized by treatment with a mixed ion exchange resin, and counted in a windowless flow-gas counter. Successive solution and precipitation of muscle glycogen with aqueous alcohol revealed that after two precipitatiom the radioactivity of the glycogen pellet remains constant; hence it may be concluded that the distribution in our studies is similar in certain respects to the values reported for thiosulfate distribution. Kipnis and Cori (9) and Randle and Smith (5) have reported that the thiosulfate space is 20 to 25 per cent and 35 to 37 per cent of the tissue wet weight in intact and cut preparations respectively, incubated in the presence of glucose; hemidiaphragms incubated, in the absence of glucose, exhibit a progressive increase in thiosulfate space, so that the tissue distribution at 2 hours is almost 50 per cent (9), similar to our results with sucrose. We have, however, not been able to demonstrate that addition of glucose to the incubation medium decreases the distribution of sucrose in our hemidiaphragm preparations. With regard to inulin, our results in the cut hemidiaphragm preparation are similar to those of Creese (13) and Randie and Smith (5) who reported distribution values of 26 and 30 per cent respectively, but not to those of Kipnis and Cori (9) who report an inulin distribution value of about 40 per cent in 2 hours; in the intact preparation, our inulin values are similar to those of Randle and Smith (5) who found distribution of 12 to 14 per cent after I hour of incubation and assumed that equilibration had occurred. It will be noted from Tables I and II that the volumes of distribution in the tissues, follow an order of mannitol ~> sucrose ~> inulin in both preparations. The greater space of mannitol relative to sucrose is easily apparent in hemidiaphragms, but this relationship, although of a smaller magnitude, is also evident in the cage. Thus, the higher distribution value at 1 hour for mannitol as compared to sucrose is statistically significant (p = ;> 0.01), and this difference was uniformly observed when sucrose and mannitol space were measured simultaneously in the same muscle (ten cases). During the 2nd hour of incubation, the space occupied by sucrose and mannitol increases slightly in both cases so that the values at 1.5 and 2 hours are significantly higher than the 1 hour values. At this time, however, the earlier difference between sucrose and mannitol is no longer evident.
It can be seen that addition of insulin had no significant influence upon the distribution of mannitol, sucrose, or inulin in either the hemidiaphragms or cage preparations.
D-Galactose anti ~-~'ylose:
These insulin-responsive sugars (of. reference 1) show almost identical behavior under all conditions studied. After incubation of hemidiaphragms for 2 hours in the absence of added insulin, D-xylose and D-galactose occupy about 80 per cent of the tissue wet weight which is equivalent to the total water of the tissue. In the cage, however, the space occupied by D-xylose and D-galactose is about 36 per cent of the tissue wet weight during the first 90 minutes of incubation and only increases to about 40 per cent with both sugars at 2 hours.
The effect of insulin upon the distribution of these sugars is markedly dissimilar in the two types of muscle preparations. In the cage preparations insulin increases the final volume of distribution of D-galactose and D-xylose from about 40 to about 63 per cent of the total tissue wet weight; in the hemidiaphragm preparation, added insulin has no effect upon the final volume of distribution of D-galactose and I>-xylose, which occupy the total tissue water in the absence of insulin, but it did increase the rate at which these sugars equilibrate between tissue water and the external medium.
Comparison of our values for D-xylose distribution in cut and intact fibers with those previously reported reveals certain quantitative differences for which we have no definitive explanation. Thus, our values for D-xylose distribution in the intact preparation at 1 hour (37 and 65 per cent without and with insulin) are intermediate between the results of Kipnis and Cori (9) on the one hand and those of Randle and Smith (5) on the other. The latter workers reported D-xylose distribution (at 1 hour) in phosphate-buffered medium to be 26 and 50 per cent in the absence and presence of insulin, whereas recalculation of the data presented by Kipnis and Cori (9) indicates D-xylose tissue distribution values of about 50 and 68 per cent respectively. In the cut preparation, on the other hand, our values for D-xylose distribution appear to be higher than those of Kipnis and Cod (9) . Recalculation of their reported data indicates D-xylose distribution values in the cut hemidiaphragm at 1 hour to be about 58 and 69 per cent in the absence and presence of insulin, respectively, in contrast to our values of 75 and 81 per cent at that time interval. Randle and Smith (5) report D-xylose distribution in cut preparations incubated in bicarbonate-buffered medium to be 52 per cent in the absence of insulin but no values are reported for insulin-treated hemidiaphragms.
I,-Xylose: This sugar, considered as insulin-non-responsive on the basis of in vivo studies (1, 11) behaved in our in vitro systems in certain aspects like D-xylose. In the cage preparation without added insulin, L-xylose like D-xylose occupies a space equivalent to about 35 per cent of the tissue weight at 90 minutes, and there is a secondary increase in space at 2 hours to 44 per cent; insulin increases the distribution of L-xylose in the cage preparation as dearly shown in Table II . However, there are certain differences between I)-and Lxylose in that the effect of insulin upon L-xylose distribution is not detected at 15 or 30 minutes and is evident only after 1 hour of incubation, whereas the insulin effect upon ~xylose distribution is clearly evident at 15 minutes. In the cut hemidiaphragm, T.-xylose initially enters the tissue at a rate comparable to that of I)-xylose, but after 30 minutes the tissue uptake of L-xylose falls below that of D-xylose and follows a course similar to mannitol. Thus, at 1 hour, the space occupied by L-xylose is equivalent to the mannitol space which is less than the D-xylose space at that time interval. While there may be a tendency for insulin to increase the T.-xylose space in the cut preparation at 60 and 90 minutes, there is insufficient data to assess the significance of the small increase observed in Table I .
Volume of Sugar Distribution in the Cell Water of "Cut" and "Intact" Fibers.--
To interpret the data of Tables I and II in terms of sugar penetration into the cell water, it is necessary to define the distribution of total tissue water between inter-and intracellular phases. The intercellular space may be expressed as the percentage of the total tissue (wet weight) in equilibrium with the outside concentration of a reference substance which is assumed neither to penetrate the cells nor to be adsorbed to tissue constituents, under the experimental conditions employed. Our previous experiments with ferrocyanide (10) , considered together with estimates of intercellular volume determined in rat diaphragm in vivo, provide a basis for estimating the intercellular phase of diaphragm preparations in terms of the data on inulin, sucrose, and mannitol shown in Tables I and II. In vivo, the intercellular volume of rat diaphragm has been reported to be 24 per cent of the tissue wet weight using inulin (13) and 20 per cent using mannitol (16) and raffinose (9) . The abnormally large spaces occupied by sucrose and mannitol relative to inulin in the hemidiaphragm (and to sucrose and mannitol in the cage or in dvo) indicate that these substances either (a) enter into the cell, (b) are adsorbed on tissue constituents following cutting of fibers, or (c) are distributed in an extracellular space which has expanded. Of these possibilities there is direct histological evidence with ferrocyanide, which demonstrates that the cut ends represent a route for penetration not present in the intact fibers (10) , and (b) and (c) seem unlikely because of the differences between inulin, sucrose, and mannitol. The possibility that sugars penetrate cut fibers ~/a the cut ends in a manner similar to ferrocyanide is further supported by studies carried out in diaphragms prepared so that the fibers are cut at only one end, the central tendon being left in place at the other end. After incubating such preparations for I and 2 hours, the diaphragm is divided into halves, cutting perpendicular to the fibers, so that one half represents that portion of the fibers closest to the cut end, while the other represents that portion of the fiber farthest away from the cut end. Table III shows the results obtained with D-xylose, mannitol, sucrose, and inulin in this type of preparation. In all cases, it will be seen that the proportion of space occupied by sugars in the portion of the fiber adjacent to the cut end is higher than in the portion of the fibers farthest from the cut end; these data are consistent with the idea that sugars like sucrose and mannitol diffuse into the fiber v/a the cut end. It is therefore highly probable that sucrose and mannitol enter into the cell v/a the cut ends of the fiber, and thus cannot be employed as indicators of intercellular space in hemidixphragms. Inulin, on the other hand, appears to enter into the intercellular space rather rapidly where it equilibrates, but to penetrate into the cell v/a the cut ends only to a very limited extent. The slight secondary increase of inulin space in hemidiaphragms at 2 hours may be interpreted as indicating an expansion of the intercellular space or as a slight further penetration of inulin into the cell. We have assumed the latter and taken the inulin space at 1 hour (0.26 ml. per gin. muscle) as a measure of intercellular volume of hemidiaphragms; on this basis, the volume of cell water is 0.54 ml. per gm. muscle in hemidiaphragm preparations.
For the cage we have assumed that the sucrose space at 1 hour (0.23 mh per gin. muscle) is equivalent to the intercellular volume and that thereafter this space is constant during the 2rid hour of incubation; on this basis there is 0.57 ml. cell water per gm. muscle in cage preparations. 1 Calculated on the basis of these assumed intercellular volumes, the data of Tables I and II are graphically surnmarized in Figs. 1 A and 1 B which show the entry of these sugars into the ceil water of intact and cut fibers respectively, both in the presence and absence of insulin.
Entry of sugars in intact fibers: E~rnmination of Fig. 1 A, based upon our assumption that sucrose is a measure of extracellular space, reveals that in the cage preparation during the 1st hour of incubation, the cell water appears to consist of at least three distinct aqueous regions as evaluated by the availability of the total cell water for v-galactose, D-xylose, and L-xylose. One region, equivalent to about 25 per cent of the total cell water, is available for these sugars in the absence of added insulin; an additional 45 to 50 per cent of the cell water becomes available in the presence of added insulin, while 25 to 30 per cent of the total cell water retains its sugar exclusion properties in the presence of insulin. Mannitol is considered to enter the first intracellular aqueous region to a slight extent during the 1st hour of incubation, but does not enter the region made available by the addition of insulin. On the basis of our assumptions, it would appear that during the 2rid hour of incubation, On the arbitrary basis that sucrose "space" is equivalent to intercellular volume, mannitol is considered to have penetrated to a slight degree into the fibers of the cage preparation during the 1st hour of incubation; it is possible that mannitol might be the "true" indicator of intercellular volume in which case sucrose must be restricted from some portion of the intercellular space. No simple explanation for the small inulin space at 1 hour relative to sucrose in the cage in vitro and to inulin in vivo, is at hand. If one postulates that the intercellular ground substance consists of two regions, one into which inulin diffuses rapidly, the other slowly, and if one assumes that the relatively intact mesothelium in the cage preparation limits the entry of inulin into the intercellular ground substance, it is possible to explain the data with inulin; however, alternative possibilities are available. a barrier to the entry of sucrose appears to deteriorate, so that sucrose penetrates and, like mannitol, equilibrates in a space equivalent to about 10 per cent of the cell water. Direct histological examination has revealed that while at 1 hour, ferrocyanide is completely excluded from intact fibers, after incubation for 2 hours, ferrocyanide penetrates into some of the fibers of the cage preparation (10) In the studies with cut fibers (hemidiaphragm preparation), curve 6 represents the results with galactose and v-x/lose in the presence of added insulin; curve 7, galactose and v-xylose in the absence of added insulin; curve 8, L-xylose in the presence of insulin; curve 9, L-x/lose in absence of insulin; curve 10, mannitol; curve 11, sucrose; and curve 12, inulin (g).
regarding sucrose entry into the cell water of the intact preparation during the 2nd hour of incubation.
The major effect of insulin observed in the cage preparation is to increase the volume of intracellular water available for distribution of sugars such as D-galactose, D-xylose, but also for L-xylose. Diffusion of I)-and ~xylose into the aqueous region made available by insulin is not identical, D-xylose diffusing more rapidly than L-xylose. It is more di~cult to assess whether the effect of insulin in increasing distribution is associated with an increased rate of diffu-sion of D-galactose and D-xylose per unit volume of available intracellular water. While the kinetics of D-galactose and D-xylose entry in the presence of insulin appear to be compatible with a first order diffusion process, this does not seem to be the case for the entry of sugars in the absence of insulin. TIM~" ( MI NUTi;..~)
FIO. 2. The entry of v-galactose into the cell water of intact diaphragm preparations in the absence of insulin. It has been assumed that sucrose and D-galactose enter the intracellulsr space at the same rate during the 1st hour of incubation. Consequently the points for this figure during the 1st hour have been derived from Table II by subtracting the sucrose values from the galactose values, assuming cell water to represent 0.57 nil. per gin. For the 2nd hour of incubation, we have assumed that extracellular space remains constant at 0.23 nil. per gin, muscle. ment; initially there is a rapid entry into about 50 per cent of this intracellular region and after a short lag period there is a secondary diffusion until apparent equilibration is reached. These results are similar to those of Randle and Smith (5), who reported that D-xylose distributes in about 80 to 85 per cent of the space available in the absence of insulin during the first 5 to 10 minutes of incubation. These findings contrast with those of Kipnis and Cori (9), who have reported that insulin increases the diffusion rate of D-xylose two-to threefold in the intact cage preparation on the basis that the diffusion process of ~xylose, with and without added insulin, can be described in terms of first order reaction kinetics. Our evidence indicates, however, that insulin action in the cage is not associated with an increased diffusion rate for sugars like D-xylose or D-galactose per unit volume of available cell water. Thus, if first order kinetics were to be applied, then in the presence of insulin, equilibration of D-galactose is half complete in about 15 minutes (Fig. 1 A) , whereas in the absence of insulin the half-time is probably less than 15 minutes (Fig. 2) . Fig. 1 B shows the calculated entry of various sugars into the cell water of the cut fibers of hemidiaphragms based upon our assumption that inulin is a measure of the tissue extracellular space. It will be seen on this basis that while all the sugars tested penetrate into the cell, their subsequent intracellular diffusion is markedly dissimilar. D-galactose and D-xylose equilibrate in all of the cell water and insulin increases the rate at which equilibration occurs. Sucrose equilibrates in a space equivalent to about 40 per cent of the total cell water, and at 2 hours. T-xylose and mannitol have diffused into about 80 per cent of the cell water but have not, as yet, equilibrated. The total cell water of cut fibers may thus be considered to consist of two major aqueous regions, one which is available for sucrose and all the sugars tested, and another (which we may designate as a sucrose-excluding region) which excludes sucrose into which sugars smaller than sucrose diffuse at different rates, with mannitol < T.-xylose < D-xylose -----D-galactose.
Entry of sugars into c~ fibers:
It is possible to estmate the entry of D-galactose, D-xylose, r-xylose, and mannltol into the "sucrose-excluding" aqueous region on the assumption that these sugars enter the "sucrose available region" at a rate equivalent to sucrose. This treatment of our data, illustrated in Fig. 3 , then, is comparable to the treatment employed by Kipnis and Cori (9) who calculated D-xylose distribution in the cell water on the assumption that the tissue thiosulfate distribution values in their studies represent extracellular space. All differences in Fig. 1 B are magnified in Fig. 3 on the basis of this treatment of the data, and the significance of differences must be related to the actual values obtained for tissue distribution in Table I , independent of assumptions concerning extracellular space. Examination of Fig. 3 reveals that insulin appears to increase the diffusion rate of v-galactose and v-xylose into the sucroseexcluding region of cut fibers somewhat more than twofold (equilibration is half-completed in about 10 minutes in the presence of insulin and in about 24 minutes in the absence of insulin) without any effect upon the volume of distribution.
The effect of insulin in cut fibers is thus m a=rkedly different than that observed in intact fibers, in which insulin increased the volume of distribution of D-galactose and D-xylose without a marked effect on the diffusion rate per unit volume of available water. While the curves of D-xylose and mgalactose entry in Fig. 3 in the presence of insulin appear to be compatible with a simple diffusion process into a single homogeneous intracellular compartment, the sucrose-excluding region cannot actually be considered as a single compartment available for sugars smaller than sucrose. Thus, application of kinetic equations for diffusion into a single well stirred compartment (8) to the data with v-galactose and D-xylose does not lead to a "good fit" between the actual values found and theoretical values expected. The complexity of the compartmentalization of the sucrose-excluding region is more clearly revealed in the case of L-xylose and mannitol. L-Xylose appears to enter a fraction of the sucrose-excluding region at an initial rate equivalent to that of D-xylose and D-galactose, and then to diffuse into a second fraction of the sucrose-excluding region at a much slower rate than D-xylose or D-galactose. The curve with mannitol, which indicates that mannitol may be completely excluded from the sucrose-excluding region for a time and thereafter enter, suggests that the sucrose-excluding region may deteriorate under our incubation conditions. Such deterioration might result because of the absence in the medium of an energy source necessary to maintain intraceUular barriers to sugar diffusion. Thus, for example, it is possible to consider that insulin permits entry D-galactose and D-xylose into a compartment which normally excludes these sugars in the absence of insulin, but with exhaustion of endogenous energy sources, a barber deteriorates and the observed complete equilibration results. Our efforts to demonstrate that such deterioration actually occurs have been negative. We have, for example, studied the entry of D-galactose (both in the presence and absence of added insulin) in cut hemidiaphragm preparations preincubated for 1 hour in the absence of glucose. The results shown in Table   TABLE IV indicate that preincubation for 1 hour, under conditions in which the postulated deterioration should occur, does not have any major influence on ,-galactose entry or on the effect of insulin on this process. 2 Similarly, we have found the initial entry rates of sucrose or mannltol into cut hemidiaphragms to be essentially similar, whether or not the tissues were subjected to a preliminary 2 In previous work (8), we reported that following I hour preincubation, the rate of galactose entry into the ceil water of hemidiaphragms is increased over the non-preincubated values, both in the presence and absence of insulin, while the net insulin effect remained relatively constant. From the present work, in which entry was measured at three time periods, it would appear that the previous results were in error because an insuflScient number of time intervals as well as observations per point were examined to provide an accurate assessment of the entry rate. Therefore, there does not appear to be any significant deterioration of the barrier to galactose entry as a consequence of incubation for 1 hour in the absence of exogenous substrate.
1 hour period of preincubation. Finally, we have modified our standard in dtro conditions in an attempt to prevent the possible deterioration of the exclusion properties of these postulated compartments; addition of glucose or glucose plus fumarate to the medium, substitution of bicarbonate buffer for phosphate, together with continuous oxygenation of the medium, did not significantly alter the intracellular distribution of D-xylose or mannitol at 1 or 2 hours, as compared with our standard procedure. Our negative results do not disprove the possible existence of certain types of compartments, with specific properties of exclusion and selection (e.g. an insulin-responsive compartment which completely excludes D-galactose or D-xylose in the absence of insulin). Our results do suggest, however, that the diffusion of sugars into cut fibers is an exceedingly complex phenomenon not readily explicable in terms of simple diffusion into two intracellular compartments. Diffusion of a sugar into the total cell water of muscle fibers represents the composite of a variety of diffusion processes (a) through the intercellular ground substance; (b) through the cell surface, with or without a secondary involvement of the sarcoplasmic reticulum; (c) through the sarcoplasm; and (d) through the myofibrils. Under circumstances when a sugar penetrates into the fiber not only through the cell surface but directly via the cut ends into the sarcoplasm and myofibrils, the diffusion paths involved become exceedingly complicated and difficult to treat at a theoretical level)
B. Relationship of Sugar Entry to Glucose Metabolism in 17emidiapkragms.--
When information has been obtained on the entry of non-utilizable sugars into the cell water of diaphragm preparations, the question arises whether the well established effects of insulin in increasing glucose uptake and glycogen synthesis in muscle can be accounted for in terms of the observed effects of insulin on sugar transfer, studied with non-utilizable sugars. While it would be desirable to compare sugar entry with glucose metabolism in the intact diaphragm, which retains permeability characteristics in vitro essentially similar to those of diaphragm in vivo, it is not possible to accurately assess glucose uptake by the diaphragm muscle in the cage in which the bulk of the preparation is made up of extraneous tissues (primarily rib cage muscles, cut to variable degrees, as well as bone and cartilage associated with the rib cage) which also can metabolize glucose. With hemidiaphragms, on the other hand, it is possible to measure glucose uptake and glycogen synthesis in uncomplicated fashion. Accordingly, we have attempted to analyze the effect of insulin on glucose metabolism in hemidiaphragms, in terms of its effect on diffusion of v-galactose and v-xylose into the cell water of this tissue.
Despite the difficulties involved in analyzing sugar transfer into cut fibers, certain aspects of insulin action can be defined. Fig. 4, which (b) We may assume an entry coefficient (k) for the over-all sugar diffusion process, which differs in the presence and absence of insulin; these k values may be considered to be constant over a range of sugar concentrations varying from 0.05 to 4.0 rag. per ml. Therefore, sugar entry into the cell water of cut fibers per unit time may be expressed in terms of k X c, in which c is external concentration of sugar in milligrams per milliliter. (c) Sugar entry in hemidiaphragms appears to be the resultant of a complex diffusion process into a complex multicompartmental system and hence numerical values for k cannot be calculated, s However, from a consideration of the time required for equilibration to be half-complete (about 7.5 and 15 minutes respectively, in the presence and absence of insulin), it may be stated that if k is the entry coefficient in the absence of insulin, the coefficient in the presence of insulin is about 2 k.
With the effect of insulin on the entry of insulin-responsive sugars in cut fibers thus defined, we present in Table V the results obtained in hemidiaphragms incubated with varying concentrations of glucose in terms of glucose uptake and glycogen synthesis. It will be seen that (a) glucose uptake is a function of the initial glucose concentration in the medium, both in the ab-sence and presence of insulin, (b) insulin increases the uptake of glucose at all concentrations studied, and (c) the effect of insulin in increasing glucose uptake over the control, reaches a maximal value (about 2.3 rag. glucose uptake per gin. per hour) when the external glucose concentration is 2 rag. per ml. The results of glucose-C 14 incorporation into glycogen are essentially similar to those of glucose uptake, except that the insulin effect on glucose incorporation into glycogen does not level off when the external concentration is initially 2 rag. per ml. glucose. (6)) our results indicate that insulin exerts a "directive" effect on the conversion of glucose to glycogen, which cannot be directly related to the effect of insulin which is to increase glucose uptake.
Since, as already indicated, the over-all entry of glucose into cut fibers may be represented by kc in the absence of insulin and by 2 k¢ in the presence of insulin, the relationship of over-all sugar entry to glucose uptake and conversion to glycogen in hemidiaphragms may be examined, and this is shown in Fig. 6 . Here it will be seen that glycogen synthesis in the presence of insulin cannot be accounted for in terms of an increased entry of sugar into the cell, whereas glucose uptake can be more directly related to sugar entry. It should be noted that if the coeflficient of sugar entry in the presence of insulin is taken as 3 k (instead of 2 k) this conclusion would still be valid. Thus, insulin would appear to have a directive effect on glycogen synthesis when evaluated in terms of either sugar entry or glucose uptake in hemidiaphragms. 
DISCUSSION
Three findings emerge from this study which bear on the nature of insulin action in diaphragm muscle: (a) in cage preparations in which the muscle fibers are intact, insulin increases the availability of cell water for sugars like ~galactose and D-xylose, (b) in hemidiaphragms, in which all the fibers are cut, and the entire cell water of the preparation is available for D-galactose and D-xylose in the absence of insulin, insulin increases the diffusion rate of these sugars about twofold; and (¢) insulin has a directive effect on glycogen synthesis in cut hemidiaphragms, which cannot be accounted for in terms of the effect of insulin in increasing either sugar entry or glucose uptake. While it is conceivable that insulin might have two types of action upon sugar permeability processes, and a separate action upon enzyme systems involved in glucose metabolism, it is more likely that all these effects are the resultant of a single prlm~ry action of insulin, which we shall attempt to define.
The insulin effect in the intact fibers of the cage preparation is very similar to the insulin response in v/vo, as first shown by Kipnis and Cod (9) , but it is difficult to analyze for two reasons. First, it is not possible to correlate permeability studies using non-utilizable sugars with glucose metabolism in the diaphragm muscle of a preparation which requires the presence of extraneous tissues in order to maintain fibers in an intact state. Second, it is difficult to analyze the insulin effect on sugar permeability in the intact cage preparation, because the results can be alternatively explained by either postulating different types of fibers within the preparation or different compartments within the individual fiber; entirely different conclusions concerning the site of insuiin action follow from either assumption. Thus, at one extreme, if one considers that there are three types of fibers in the cage preparation, which differ in their cell membranes (one group permitting D-galactose and D-xylose to penetrate in the absence of insulin, a second group permitting sugar entry only when insulin is present, while a third group excludes these sugars in the presence of insulin), insulin action could involve an effect at the cell surface which would permit sugar entry into the cell. If, at the other extreme, the individual fibers of the diaphragm muscle in the cage preparation are basically similar, it becomes necessary to postulate three distinct aqueous regions within the fiber, and insulin action would not be primarily involved with sugar transfer across the cell membrane, but with the penetration of an intracellular barrier which restricts sugar permeation in the cell. There are advocates for both of these ideas: Levine and Goldstein (I, 2)and Krahl (3) have independently suggested that insulin acts to facilitate sugar penetration through the cell membrane, while Helmreich and Cori (4) and more recently Randle and Smith (5) have suggested that insulin might act upon an intracellular barrier. At the present time, the data necessary to definitively distinguish between these basically dissimilar alternatives are not available. Our findings in cut muscle fibers, however, do indicate the existence of intraceUuiar barriers to the free diffusion of sugars such as mannitol and sucrose within the cell.
The uncertainties involved in the analysis of insulin action in intact fibers do not apply equally to the cut fibers of the hemidiaphragm. While cutting the fibers to prepare the hemidiaphragm alters their permeability characteristics, it simultaneously reduces any possible heterogeneity within the individual fibers. All fibers may be considered to be in an essentially similar state (albeit injured) since each fiber has two cut ends through which non-selective diffusion of ferrocyanide has been previously demonstrated (10) and our present studies strongly indicate that sucrose and mannitol also enter ~/a the cut ends. The non-selective entry process permits rapid penetration; the time required for sucrose equilibration in cut fibers to be half-completed is about 15 minutes while the half-time of equilibration for D-galactose or D-xylose in the insulintreated cage preparations is somewhat more than 15 minutes. Thus, the nonselective route permits sugar to enter the cell at a rate as fast as that available for specific sugars through the cell surface of insulin-treated intact fibers.
In the cut fiber, sugars such as 9-galactose, D-xylose, and D-glucose, could enter the cell v/a the cut ends as well as through the intact portion of the membrane. Once inside the fiber, all of the cell water is available to these sugars in the absence of insulin. The effect of insulin, which is to speed the rate of equilibration, indicates an action on a system which restricts the diffusion of these sugars and the site of this diffusion bander could be (a) the intact portion of the cell membrane, (b) the cut surfaces of the fiber, or (¢) the cytoplasm of the fiber. We may exclude the cut ends of the fiber since insulin has no effect on the diffusion rate of sucrose and mannitol which presumably enter v/a this non-selective route. The possibilities which remain are that insulin increases sugar transfer through the membrane so that equilibration is more rapid than in the absence of insulin (when sugar entry may be primarily through the cut ends), or that insulin alters the cytoplasm so that intracellular diffusion is facilitated.
These possibilities may now be considered in relation to the demonstration that insulin has a directive effect on glycogen synthesis, which is not explicable in terms of the effect of insulin, which is to increase glucose uptake or sugar entry, as evaluated with D-galactose and D-xylose. If the sole action of insulin is to modify the bander qualities of the cell membrane, so that transfer of glucose and specific sugars across the membrane is facilitated, this of itself would not account for the directive effect of insulin on glucose metabolism, un/ess one further postulates the existence of a directive diffusion pathway for glucose (or a glucose metabolite) between the membrane and the specific regions in the sarcoplasm at which the enzymes concerned with glycogen synthesis are localized. As one possibility of several alternatives which could be put forward, the sarcoplasmic reticulum of muscle fibers revealed by electron microscopy (cf. references 17 and 18) might be considered as the morphological equivalent of a directive intracellular diffusion pathway and insulin action could be analogous to "opening a valve" at certain points in the sarcolemna where the reticulum is attached so that glucose and related sugars might be permitted to diffuse through the cell v/a this route. However, the action of insulin in hemidiaphragms need not involve the membrane if it is assumed that the enzymic systems involved in glycogen synthesis are compartmentalized in specific cytoplasmic regions which also act as diffusion barriers; insulin might alter the nature of these regions so that sugar diffusion and enzymatic activity are both increased, resulting in an apparent directive effect of insulin on glucose metabolism. From this viewpoint the compartmentalization of cell water in cut fibers and the differential rates of entry (when sucrose < mannitol < T.-xylose < D-xylose = D-gaiactose) would be the expression of the selectivity of the cytoplasmic barrier region to sugar diffusion; the differences exhibited between cut and intact fibers would, from this point of view, be the resultant of injury to the cytostructural systems involved in the segregation of water. There is insufficient evidence to permit a clear distinction between these alternatives, or other speculations which might be put forward. In any case, the data presented raise a fundamental question as to whether selection and exclusion of substances from the cell are due exclusively to the action of the cell membrane.
